In this work, based on the superior electrochemical stability of Li 4 Ti 5 O 12 (LTO) electrodes, LiFePO 4 (LFP)/ graphite cells with built-in LTO electrodes as reference electrodes were designed and fabricated. The characteristics of the LTO reference electrodes in the fabricated lithium-ion cells were measured and discussed. The experimental data demonstrated that the LTO built-in reference electrodes were simple to prepare and were feasible options for long-term in situ monitoring of the development of potentials and other electrochemical parameters, such as the Li + diffusion coefficient (D Li ) and electrochemical impedance spectroscopy (EIS) information, for both anodes and cathodes. Moreover, it is believed that the adoption of LTO as a reference electrode could be of great significance for long-term monitoring of the charge and discharge behavior of individual electrodes in other kinds of lithium-ion cells.
Introduction
In order to study the performance and aging behavior of individual electrodes in lithium-ion cells, a reference electrode is a necessity. A coin type half cell is the simplest design for these studies, and Swagelok cells are popular types of two-electrode cells.
1 However, they are only useful for single electrode studies with either a positive or a negative electrode. Threeelectrode systems of various designs are used to study positive and negative electrodes at the same time. Metal lithium is widely used for counter and/or reference electrodes in half-cell studies and measurements. There are two main drawbacks or disadvantages of using metal lithium as a reference electrode. First, metal lithium is very active in air; the handling of it and the assembly of the half cells must be conducted in a dry room or a glove box lled with an inert gas such as argon. Second, when metal lithium is used as a reference electrode, unstable performance data such as impedance data may be recorded during long-term measurements and especially when the temperature is very low. D. P. Abraham et al. used lithiumpreloaded Li 4/3 Ti 5/3 O 4 for counter and reference electrodes 2 to overcome the drawbacks of metal lithium during temperature changes. A. N. Jansen et al. used in situ Li y S n alloy reference electrodes to study the charge performance of lithium cells at low temperatures.
3,4 Li 4 Ti 5 O 12 (LTO) is considered as a reliable substitute for metal lithium for reference electrodes, as it avoids the adverse effects of metal lithium during measurement.
5-8 M. C. Smart et al. used three-cell O-ring sealed glass cells to study the effects of electrolyte composition on lithium plating.
9 H. M. Cho et al. used LTO as a reference electrode. They considered that two-electrode cells which used metal lithium as both counter and reference electrodes are not reliable for impedance measurements, especially at low temperatures and aer aging.
5
The main drawbacks of metal lithium as a reference electrode can be summarized as follows:
10 (a) impedance increases with aging and it takes time to stabilize; (b) the impedance of lithium electrodes changes with temperature and cycling, and is unstable or not reproducible; (c) metal lithium must be handled in a dry room with very low humidity or in a glove-box lled with an inert gas such as argon. On the other hand, the main drawbacks of two-electrode contained metal lithium reference electrodes can be summarized as follows: (a) the impedance of metal lithium interferes with the accurate measurement of the study electrodes; (b) the cell being used for the study must be disassembled in order to study the individual electrodes in the cell and in situ measurement is not possible.
In the above-mentioned situations, the cells have to be disassembled and the positive and negative electrodes must be taken out and re-assembled into half cells or new cells for further research. This is a destructive approach which is neither convenient nor effective if it is necessary to monitor the behavior of electrodes or record in situ measurements longterm. For in situ studies, several special designs for cells were proposed. J. Zhou et al. applied an electrochemical deposition method to develop a metal lithium micro-reference electrode on insulation-coated copper wire, which was put in between positive and negative electrodes. 10 The process and controlling parameters are complex in order to achieve a uniform layer of metal lithium. Furthermore, metal lithium will be consumed during the measurement process; it has to be re-deposited repeatedly. Moreover, P. Liu et al. described a complex but useful setup to monitor in situ the potential change in individual electrodes during charging and discharging.
11 A similar tool is also presented by Y. Zhang et al. 12 However, this is a destructive approach as the cell cap and end cover need to be removed to expose the cell elements, and all of the setting-up must be conducted in a dry room or an inert-gas glove box.
The purpose of this paper is to introduce a cell design which incorporates an LTO reference electrode. This electrode can be easily constructed and recharged for monitoring the electrochemical behavior of lithium-ion cells in situ. The feasibility was conrmed through various electrochemical tests and measurements in LiFePO 4 (LFP)/graphite cells. A comparison of the LTO reference electrode used in this work with others reported in previous studies is summarized in Table S1 . †
Experimental
Fabrication of half cells and LFP/graphite cells with built-in LTO reference electrodes a. Fabrication of LFP positive electrodes. Commercial LiFePO 4 powder (BTR, China) and a conducting carbon material (SP : KS-6 ¼ 1 : 1) were mixed with polyvinylidene uoride (PVDF) as an adhesive to make a positive slurry in a weight ratio of 8 : 1 : 1 using N-methylpyrrolidone (NMP) as the solvent. The positive slurry was coated on aluminum foil sheets (with thicknesses of 10 mm). Then, the sheets were dried and rolled to make LFP positive electrodes.
b. Fabrication of graphite negative electrodes (AG). Commercial articial graphite (Shanshan Tech, China CAG-3) and a conducting carbon material (SP) were mixed with an adhesive (carboxymethyl cellulose : styrene-butadiene rubber ¼ 1.5 : 1.2) to make a negative slurry in a weight ratio of 95 : 2.3 : 2.7 using water as the solvent. The negative slurry was coated on copper foil sheets. Then, the sheets were dried and rolled to make AG negative electrodes.
c. Fabrication of LTO negative electrodes (as the reference electrode). Commercial LTO powder (BTR, China) and a conducting carbon material (SP : KS-6 ¼ 2.5 : 1.2) were mixed with PVDF (Solef 5130) as an adhesive to make a negative slurry in a weight ratio of 92.5 : 3.7 : 3.8 using NMP as the solvent. The negative slurry was coated on copper foil sheets. Then, the sheets were dried and rolled to make LTO negative electrodes.
d. Fabrication of half cells. CR2032 coin cells were assembled with the above prepared electrodes as the working electrodes, metal lithium as the counter electrodes, Celgard 2400 (polypropylene) as a separator, and an EC/DMC/DECbased (1 : 1 : 1 by volume) electrolyte with 1 M of dissolved LiPF 6 . The design capacity at 0.2C is 1.5 mA h for the LFP positive electrodes, and 2.2 mA h for graphite and the LTO negative electrodes.
e. Fabrication of full cells. So package full cells were assembled with the above prepared LFP electrodes as the cathodes, the graphite electrodes as the anodes and the LTO electrodes as the reference electrodes using the same separator and electrolyte as the half cells, as illustrated in Fig. 1 . The sizes of the assembled so package full cells were 65 mm for length, 60 mm for width and 8 mm for thickness. The design capacity of the LFP/graphite inner cells at 0.2C is 1000 mA h, and the design capacity of the LFP/LTO inner cells at 0.2C is 700 mA h.
Measurements and tests of the half cells and full cells
The electrochemical performance and behavior of the fabricated half cells and full cells were measured and tested using a Battery Testing System (LAND, CT2001A, China) and an electrochemical workstation (CHI760E, Shanghai Chenhua Instrument Co., Ltd, China).
a. Initial charge/discharge performance of the half cells. were h. Electrochemical impedance spectroscopy (EIS) of the cells. EIS measurements were performed over a frequency range of 100 kHz to 10 mHz with an applied amplitude of 5 mV under temperatures of 20 C, 0 C, À10 C and À20 C at states of charge (SOC) of 00%, 50% and 0% (the fully charged cells were discharged at a current of 0.25C for 2 h to get 50% SOC and for 4 h to get 0% SOC).
Results and discussion
Potential and potential stability of LTO electrodes Fig. 2a shows the OCV of the fabricated LTO half cells at different temperatures. It can been seen that the OCV of the LTO half cells at different temperatures ranging from À20 C to 65 C was quite stable. Fig. 2b shows the OCV of the LTO half cells at 25 C and 45 C for 30 days. It can be seen that the OCV of the LTO half cells was stable over a long period of time, and over a wide range of temperatures. The observed difference was less than 2%. Actually, the electrochemical potential of LTO is around 1.55 V (vs. Li + /Li), much higher than that of graphite in the electrolyte; there are no side reactions such as solid electrolyte interphase (SEI) lm formation on its surface, so the potential would be maintained as stable. This means the LTO electrode could be used as a reference electrode for the long- term monitoring of voltage and the potential of the individual target electrode, with accuracy that could be accepted in most cases. Fig. 2c and d Fig. 2c and d , the stability of the LTO electrode potential was also veried in the LFP/LTO cell. For practical applications, when the potential of the LTO electrode declines to some given point, it's easy to recharge it and recover its potential platform.
Charging voltage curves of the LFP/graphite cells Fig. 3 shows the charging voltage curves of the LFP/graphite cells with charge current rates of 0.2C, 0.8C and 1.6C. Fig. 4 shows the discharge voltage curves of the LFP/graphite cells with charge current rates of 0.2C, 0.8C and 1.6C and a discharge current rate of 0.1C. Fig. 5 shows the potential curves of the individual electrodes during charging and discharging with charge current rates of 0.2C, 0.8C and 1.6C and a discharge current rate of 0.1C, measured against the LTO electrode.
Comparing Fig. 5 with Fig. 3 and 4 , it can be seen that the individual potentials of the positive and negative electrodes coincide well with the cell voltage. Thus, the effectiveness of LTO as a reference electrode was conrmed. The voltage of the cell could be arithmetically calculated from the potentials of the positive electrode and the negative electrode. The changes in Fig. 3 The charging voltage curves of the LFP/graphite cells with charge current rates of 0.2C, 0.8C and 1.6C. Fig. 4 The discharge voltage curves of the LFP/graphite cells with charge current rates of 0.2C, 0.8C and 1.6C and a discharge current rate of 0.1C. the individual electrode potentials could be effectively monitored and compared during the cell charge and discharge process.
The principle of measurement for the Li + diffusion coefficient (D Li ) by GITT was previously discussed in the literature 12 and is shown in Fig. 6 . Accordingly, D Li could be calculated by the equation shown in Fig. 6b .
The tested curves of potential generated using GITT measurements at different temperatures (20 C, 0 C, À10 C and À20 C) are shown in Fig. 7 . Fig. 8 shows the calculated D Li at different temperatures in the LFP electrode and the graphite electrode. The measured values of D Li were lower than the reported ones. [13] [14] [15] [16] [17] [18] [19] [20] [21] This was because the inuence of an adhesive on the actual electrode makes the active surface area of the active material in the fabricated electrode much smaller than that without an adhesive. An adhesive in the electrode material would stick to the surface of the active material and greatly reduce the real surface area. Thus, the calculated D Li was smaller. However, it should be noted that the obtained D Li values were the real ones for the practical electrodes in full cell system. Also, the calculated D Li could be used to estimate the charging acceptance current at low temperatures. The charging current must be lower than the charging acceptance to prevent the deposition of metal lithium during charging, especially under low temperatures.
The results, as shown in Fig. 8 , conrmed that the calculated D Li in the LFP electrode and the graphite electrode increased with an increase in temperature, which was because the electrodes had better activity at higher temperatures. Also, it can be demonstrated that the values of D Li for the LFP electrodes were larger than the values of D Li for the graphite electrodes, especially under lower temperatures. In addition, by using a built-in LTO reference electrode, the D Li values in both the positive and negative materials could be measured for the same amount of time. Furthermore, the D Li values obtained using this method are the real values in the cell, not theoretical ones.
EIS measurement at different temperatures
The total internal resistance of the fabricated cell at different temperatures (20 C, 0 C, À10 C and À20 C) and different SOCs (0%, 50% and 100%) is shown in Fig. 9 and Table 1 . The total resistance (R total ) is the summation of the ohmic resistance (R 0 ), the resistance resulting from the SEI lm (R SEI ) and the charge transfer resistance (R ct ). The results showed that the reaction resistance decreased with an increase in temperature, indicating an increased temperature is benecial to the internal Table 1 The cell internal resistance under different temperatures (20 C, 0 C, À10 C and À20 C) and different SOCs (0%, 50% and 100%) SOC 100% 50% 0% Fig. 10 The impedance value of the LFP positive and graphite negative electrodes measured with the LTO reference electrode as well as the total impedance of the cell at 50% SOC. electrochemical reaction. At the same time, it should be mentioned that the SOC of the cell also has an obvious effect on the internal resistance. A higher charge state corresponds to a smaller internal resistance, indicative of a higher conductivity. For example, at 0 C, the total internal resistance of the fabricated cell at 100% SOC was 117.84 U, which was lower than the internal resistance at 50% SOC (131.74 U) and at 0% SOC (155.78 U). More information on the representative Nyquist plots and the simplied equivalent circuit can be found in Fig. S1 . † Fig. 10 and Table 2 show the impedance value of the LFP positive and graphite negative electrodes measured with the LTO reference electrode as well as the total impedance of the cell at 50% SOC. By comparing the data listed in Tables 1 and 2 , the compliance relationship between the total impedance of the cell and those of the individual LFP positive electrode and the graphite negative electrode was found, which further conrmed the effectiveness of using LTO as a reference electrode for monitoring the EIS information of individual electrodes in a cell at any time.
Conclusions
In summary, it is very facile to fabricate a kind of lithium-ion cell with built-in LTO electrodes as reference electrodes. The potential of LTO electrodes is quite stable over a wide range of temperatures and a long period of time. These electrodes could be chosen as reference electrodes for monitoring the electrochemical behavior of individual electrodes in cells. The test data demonstrated that the built-in LTO reference electrode was very effective in the measurement of the potential, D Li and EIS of individual electrodes. It is believed that adopting LTO as a reference electrode could be of great signicance for longterm monitoring of the charge and discharge behavior of individual electrodes in lithium-ion cells.
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